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ABSTRACT 

We measure the redshift distribution of a sample of 28 giant arcs discovered as a part of the Sloan 
Giant Arcs Survey (SGAS). Gcmini/GMOS-North spectroscopy provides precise redshifts for 24 arcs, 
and "redshift desert" constraints for the remaining 4. This is a direct measurement of the redshift 
distribution of a uniformly selected sample of bright giant arcs, which is an observable that can be 
used to inform efforts to predict giant arc statistics. Our primary giant arc sample has a median 
redshift z = 1.821 and nearly two thirds of the arcs - 64% - are sources at z > 1.4, indicating 
that the population of background sources that are strongly lensed into bright giant arcs resides 
primarily at high redshift. We also analyze the distribution of redshifts for 19 secondary strongly 
lensed background sources that are not visually apparent in SDSS imaging, but were identified in 
deeper follow-up imaging of the lensing cluster fields. Our redshift sample for the secondary sources 
is not spectroscopically complete, but combining it with our primary giant arc sample suggests that 
a large fraction of all background galaxies which are strongly lensed by foreground clusters reside at 
z > 1.4. Kolmogorov-Smirnov (KS) tests indicate that our well-selected, spectroscopically complete 
primary giant arc redshift sample can be reproduced with a model distribution that is constructed 
from a combination of results from studies of strong lensing clusters in numerical simulations, and 
observational constraints on the galaxy luminosity function. 

Subject headings: gravitational lensing: strong — galaxies: clusters: general — galaxies: high-redshift 



1. INTRODUCTION 

Comparisons of the observed giant arc counts against 
theoretical predictions provide a test for cosmologi- 
cal models of structure formation. Giant arc statis- 
tics depend on the growth of structure through the 
abundance and internal properties of the most mas- 
sive gala xy clusters that d o minat e the giant arc cross- 
section. iBartelmann et ail (|1998l ) suggested that there 
was an apparent order-of-magnitude discrepancy be- 
tween the observed counts of giant arcs on the sky, 
and what is predicted by a ACDM cosmology. Sub- 
sequent comparisons of homogeneous samples of gi- 
ant arcs against theoretical predictions have provided 
additi onal evidence for an apparent "giant arc prob - 
lem" (IGladders et alJ l200l IZaritskv fc Gonzaledl200l . 
IGladders et al.l ()2003l ) present a sample of five giant arcs 
that are identified in the Red- Se quence Cluster Survey 
(RCS), and IZaritskv fc Gonzalei (|2003D identified three 
strongly lensed systems in the Las Campanas Distant 
Cluster Survey (LCDCS), but both of these samples are 
very small and are therefore subject to prohibitively large 
uncertainties due to small number statistics. 

Further studies have explored a variety of potential 
factors that could help to explain the underabundance 
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of giant arcs predicted by theoretical models, such as ac- 
counting for galaxi es by painting them onto simulated 
dark matter halos dFlores et all 120001 : iMeneghetti et all 
l2000tlPuchwein fc Hilbertll2009D . steepening of the grav- 
itational potential in cluster cores due to baryonic dis- 
sipat ion effects (e.g., iPuchwein et al.l 120051 : iRozo et "all 
2008) , contri butions from secondary stru ctures along the 
line of sight (jPuchwein fc Hilbertl I2009D . accounting for 
short time-scale increases in the lensing c ross-sections 
of halos due to mergers (jTorri et all [20041 and vary- 
ing the redshift distribution of the population of back- 
ground s ources available to be strongly lensed into gi- 
ant arcs ( Ha mana fc Futamasd [19971: lOeuri et all 120031 : 



iWambseanss et all 1200411 iHennawi et all (j2007[) found 
this last factor - the background source distribution - 
to be the one of the leading sources of uncertainty in 
their efforts to produce precise estimates for giant arc 
statistics from ray-tracing of dark matter simulated ha- 
los for a given cosmology. The primary motivation for 
studying giant arc statistics in a cosmological context is 
to provide a comprehensive test for models of large scale 
structure, which require a priori constraints other model 
inputs, such as the properties of the background source 
population. Fortunately, the redshift distribution of gi- 
ant arcs is directly observable given a sufficiently large 
and well-selected sample of giant arcs with redshift mea- 
surements. Samples of giant arc redshifts exist in the 
literature, including the catalog c ompiled bvlSand et all 
(2005) and the redshifts used bv iRichard et al.l (|20091 
but they cannot be used to study the true redshift dis- 
tribution of arcs because of their non-uniform selection 
and severe spectroscopic incompleteness. 

In this letter we measure the redshift distribution of 
a spectroscopically complete sample of 28 giant arcs 
that were discovered in the Sloan Giant Arc Survey 
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(SGAS; M. D. Gladders et al., in preparation) and tar- 
geted for multi-object spectroscopy with Gemini/GMOS- 
North. We also consider a secondary sample of redshifts 
that were measured for an additional 19 strongly lensed 
sources. For comparison we test the redshift distribu- 
tions of our primary and secondary samples against sim- 
ple models for the redshift distribution of giant arcs. 

All magnitudes giv en in this letter a re AB, calibrated 
relative to the SDSS (lYork et al.ll2000h . 

2. DATA AND SAMPLES 

2.1. Giant Arc Redshift Sample 

The lensed background sources discussed in this let- 
ter are located near the cores of foreground massive 
galaxy clusters with a median redshift, z\ — 0.435, and 
a median dynamica l mass, Myir = 7.84 x IQ^MqIiq \ 
(|Bavliss et alJl20Tl . 

We take publis hed spectroscopic redshifts from 
iBayliss et al.1 (|201lD . and use optical colors combined 
with the absence of specific spectral features to iden- 
tify upper and lower redshift bounds for some arcs that 
lack precise spectroscopic redshifts. Given the spec- 
tral cove rage of the Gemini/ GMOS spectroscopy pre- 
sented in Ba yliss et al.l (|2011[) we expect to observe one 
or more prominent emission lines (e.g. 0[II] A3727A, 
H-/3 A4861A, 0[III] A4959.5007A and H-a A6563A) 
for galaxies at z < 1.5 that are actively star- forming, 
with some slight variation in this redshift limit that de- 
pends on the exact spectral coverage for each source. For 
strongly lensed sources at 1.5 < z < 3.3 we must rely 
on rest-frame UV features to measure redshifts, but the 
strength of these features can vary significantly depend- 
ing on the physical properties of the individual galaxies. 
At redshifts of z > 3.3 we expect to see a broadband 
flux decrement that would be indicative of the Lyman-a 
Forest and Lyman Limit being redshifted well into the 
g— band, as well as strong absorption or emission from 
Lyman-a A1216A redshifted into our data for sources 
with spectral coverage extending sufficiently blueward. 

U sing the criter i a outl ined above we identifty six arcs in 
the IBayliss et al.l (|2011l ) Gemini/GMOS data for which 
we can confidently place lower and upper limits on the 
redshifts. These six arcs all have blue colors in the avail- 
able photometry, indicating that they are actively star- 
forming, and their optical spectra consist of blue con- 
tinuum emission with no strong absorption or emission 
features. The precise redshift constraints vary slightly 
from arc to arc, depending on the exact limits of the 
wavelength coverage, and are given in Table [1] 

2.2. Primary Giant Arc Sample 

Arcs in our primary giant arc sample meet two crite- 
ria: 1) they were visually identified in the original SDSS 
imaging data and 2) they were were observed spectro- 
scopically with Gemini/GMOS-North. Our primary gi- 
ant arcs span a range in integrated g— band magnitude 
of 20.69 < g < 22.81 (Figure^- This samp le includes all 
source s identified as primary giant arcs in Bayliss et al. 
(|201lD , plus four additional arcs with redshift desert con- 
straints as described in Section 2.1 of this letter ("Pri- 
mary" in Table [J). We are spectroscopically complete 
for the entire primary sample. 
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FlG. 1. — Histogram of g — band magnitudes for the 28 primary giant 
arcs discussed in this letter. 

2.3. Secondary Background Source Sample 

Our sample of secondary background sources includes 
objects that appear to be strongly lensed but lack the 
brightness and/or morphology to be identified in the vi- 
sual selection processes that produced our primary gi- 
ant arc sample. Most of these sources were identified 
in the Gemini/GM OS pre-imaging data described in 
(jBayliss et al.1 l20lTh and are designated as "secondary 
strongly lensed sources" in that paper. The secondary 
sample selection is not as uniform as the primary sample, 
and is spectroscopically incomplete, as there were many 
of these candidate strongly lensed s ources that were tar - 
geted in the Gemini observations of Bayliss e t al.l ([201 ID 
but for which the data do not provide a redshift. 

3. THE REDSHIFT DISTRIBUTION OF GIANT 
ARCS 

3.1. Models 

Efforts to produce theoretical predictions for the abun- 
dance of giant arcs have modeled the population of back- 
ground source galaxies in a variety of ways. It is known 
that the redshift distribution of background sources can 
have a dramatic impact on the giant arc statistics pro- 
duced for a given cosmology (lHamana fc Futamaselll997l : 
lOguri et alJl2003t iWambsganss et al.ll2004h . Even more 
problematic is the fact that the uncertainty in the red- 
shift distribution of background sources available to be 
lensed is effectively degenerate with the integrated lens- 
ing cross-section of the foreground halo population, and 
therefore with key cosmological parameters that strongly 
impact the properties of halos. This degeneracy arises 
because the Einstein radius, 9e, of a lens at a fixed red- 
shift increases as the distance to the source plane in- 
creases through its dependence on the angular diameter 
distance to the source. 

The simplest background source model is one that 
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TABLE 1 

Redshift Constraints from Gemini Spectroscopy 



Cluster Core 



Label a 



Zarc range 



l/w h 



AB Mag d 



Source Type 



SDSS J1028+1324 
SDSS J1115+5319- 
SDSS J11524 
GHO 132029 
SDSS J1446^ 
SDSS J1456^ 



0930 
S-315500 
3033 
5702 



C 
A 
D 
A 
F 
B 



1.58 < 2 < 3.3 
1.45 < z < 3.2 
1.56 < 2 < 3.3 
1.5 < 2 < 3.3 
1.45 < 2 < 3.3 
1.55 < 2 < 3.3 



14 

10 

18 

20 

7 

7 



17" 
31" 
14" 
21" 
15" 
17" 



22.81 
23.03 
22.54 
22.59 
22.42 
20.83 



Primary 

Secondary 

Primary 

Secondary 

Primary 

Primary 



a Labels identify arcs in figures and tables in Bayliss et al. 1.2011) 

Length-to-width ratios arc all estimated from ground-based imaging with variable seeing, and generally represent lower limits on the true 1/w for each arc. In the case 
of multiple arcs/images of a single source, the component with the largest length-to-width ratio is reported. 
° Rare is measured by calculating the mean distance from a giant arc to the BCG of the lonsing cluster. 

Magnitudes are integrated total aperture magnitudes for the brightest contiguous piece of each arc. 
C These arcs were not identified in visual inspection of SDSS survey imaging, but rather in deeper imaging of red sequence selected galaxy clusters. 
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FlG. 2. — Top : The distribution of rcdshifts for the primary giant 
arc sample is plotted as the solid histogram with binsize A.z — 0.25. 
Arcs with redshift desert constraints arc plotted as horizontal error bars 
indicating the upper and lower redshift limits for each. Over-plotted arc 
three models for the expected redshift distribution assuming different 
intrinsic limiting magnitudes, as described in Section 3.1, all of which 
have a density profile slope, a — —1.5. Bottom : The same models as 
in the top panel, plotted with the redshift distribution for our giant 
arc plus secondary source combined sample. This combined sample 
redshift distribution is not compatible with any of the model redshift 
distributions. 



places all background sources at a common red- 
shift (e.g., IBartelmann et all 119981: IMeneghetti et al.l 
2010), for example z s = 1 or z s = 2, with 
some number density on the s ky. Efforts by 
some groups ( Wambsgans s et al.l 12004 iDalal et al.l 
20041: IHennawi et all 120071; IPuchwein fc Hilbertl 120091: 
Qguri fc Blandfordl I2009T ) used a more advanced ap- 
proach with background galaxies placed at several dis- 
crete source planes, incorporating empirical measure- 
ment of the density of galaxies in different redshift bins 
in order to capture the evolution of galaxy counts. The 
galaxy coun ts are typically taken f rom deep pencil-beam 
surveys, and IHennawi et all (|2007f) point out that cosmic 
variance in such survey helds can be as large as 50%, with 
measurements of the galaxy density on the sky in differ- 
ent surveys differing by more than a factor of 2 in the 
same redshift bin. This discretized source plane model 
is an improvement relative to the single source plane ap- 
proach, but s t ill fal ls short of being physically realistic. 
iHoresh et al.1 (|2005[ ) simulated giant arc stat istics using 
the same clusters in IBartelmann et all (|1998l, and use a 
background source distribution that is constructed en- 
tirely from photometric redshifts in the Hubble Deep 
Field (HDF). This model is encouraging in its use of 
a smooth redshift distribution, but the HDF is only 5 
arcmin 2 an d suffers from drama tic cosmic variance un- 
certainties (jHennawi et al.ll2007l ). 

We construct a new model that attempts to predict 
the redshift distribution of giant arcs as function of the 
limiting intrinsic brightness of background sources that 
are distorted into detectable giant arcs. This is equiv- 
alent to setting a limiting magnitude in giant arc ap- 
parent brightness of and assuming a uniform magnifica- 
tion boost for all sources. In reality magnification factors 
vary for different sources depending on the details of each 
lens-source interaction. Assuming typical total magnifi- 
cations of ~ 10 — 25, and noting an approximate inte- 
grated limiting magnitude of g < 22.5 for our primary 
giant arc sample, we produce model giant arc redshift dis- 
tributions for two cases: 1) an intrinsic limiting source 
magnitude, gu rn < 25 and 2) gu m < 26. We also produce 
a model redshift distribution for an instrinsic limiting 
source magnitude of gu m < 24, which has a peak in the 
probability distribution closer to z s = 1. 

Our model is calculated as follows: for the arc cross- 
section, g a rc i we a dopt the scaling relation derived by 
iFedeli et al.l ((2010), which is based on large volume N- 
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body simulations. The Fe deli et al.l (|2010f ) cross-section 
is defined from simulated arcs with length-to-width ra- 
tio, l/w > 7.5, all of which are produced from sources 
at a redshift, z s = 2. We derive the arc cross-sections 
for different source redshifts assuming a universal matter 
density profile slope, a, in the region around the Einstein 
radii for cluster lenses. The Einstein radius is always lo- 
cated in the very center of the lensing clus ter potential 
wher e we expect a profile slope of ~ —1.5 ()Moore et al.l 
1999). In order to account for some uncertainty in the 
exact slope of the density profile in the core we produce 
models evaulated for a small range of values for the slope, 
a = (-1.7,-1.5,-1.3). 

The redshift distribution of source galaxies for a given 
magnitude limit, dn/dz s , is estimated using the pho- 
tometric redshift catalog in the 2 deg 2 COSMOS field 
(jllbert et a l. 2009). We then compute the expected red- 
shift distribution of giant arcs by the equation: 

j dn 
"Pare _ "arc dZs 

dz s J dz s a arc 

The length-to-width lim it used to de fi ne th e arc cross 
section scaling relation in iFedeli et al.l ([2010) is consis- 
tent with the length-to-width lower limits on our sample 
of gi ant arcs as measur ed from ground-based imaging 
data (|Bavliss et al.ll2011h . 

3.2. Properties of the SGAS Giant Arc Redshift 
Distribution 

The redshift distribution for our primary giant arc 
sample is shown in Figure [2j along with three curves 
which demonstrate the kinds of giant arc redshift dis- 
tributions predicted by the model described above. Fig- 
ure [5] also includes a plot of our primary giant arc redshift 
sample combined with our spectroscopically incomplete 
sample of secondary source redshifts. We use the KS test 
to quantify the agreement between our measured redshift 
distributions and our proposed models. Conducting KS 
tests on our data requires that we correctly account for 
the giant arcs in our sample with constraints that place 
them in the redshift desert. To do this we use the infor- 
mation that we have about the distribution of giant arcs 
within the redshift desert: the precise redshifts that we 
measure for 13 — 14 giant arcs that are located within the 
redshift desert (the number depends on the exact redshift 
desert constraints). 

We produce many Monte Carlo realizations of our red- 
shift distribution by assigning a precise redshift for each 
redshift desert arc that is drawn randomly from our sam- 
ple of giant arcs that do have precise redshifts within the 
corresponding upper and lower redshift bounds. This 
method assumes that our giant arcs with precise red- 
shifts between 1.45 < z < 3.3 are distributed within 
that range in the same way as our giant arcs that have 
only redshift desert constraints. We have no strong evi- 
dence to contradict this assumption and we consider it to 
be the most robust method for including the giant arcs 
with upper and lower redshift bounds in the KS tests. 
Realizations that draw precise redshifts at random from 
within the upper and lower bounds for a given redshift 
desert arc produce distributions that are indistinguish- 
able from the realizations that draw redshifts from our 



sample within those bounds, indicating that giant arcs 
with precise redshifts that fall within the redshift desert, 
1-5 ^$ z < 3.3, are evenly distributed within that range. 

We also explore alternative ways of handling those 
arcs with redshift desert constraints in order to explore 
how the two extreme possible deviations from the Monte 
Carlo realization method described above affect the re- 
sults of the KS tests. The first extreme corresponds to 
the case where all redshift desert arcs have true redshifts 
at or near their lower redshift bound, and the opposite 
extreme where all redshift desert arcs have true redshifts 
that are at or near their upper redshift bound. This 
gives us three different giant arc redshift samples that 
span the range of possible true redshift distributions for 
our complete primary giant arc sample. 

The realizations for our primary giant arc sample are 
tested against our models to produce average KS proba- 
bilities of the likelihood that our redshift data are drawn 
from the model distributions. We perform another se- 
ries of KS tests on the combined primary giant arc plus 
secondary source samples, where the two secondary arcs 
with redshift desert constraints are handled in exactly 
the same three ways as the redshift desert primary giant 
arcs. Results from all KS tests are shown in TableEJ and 
from these results we infer that the redshift distribution 
of our giant arc sample is reasonably well described by 
the our simple arc redshift distribution model, with val- 
ues for the slope of the density profile, a that agree with 
the CDM paradigm and with an intrinsic limiting mag- 
nitude in the g-band that corresponds to a reasonable 
average magnification for each arc, ~ 10 — 25 x. 

The best agreement between our giant arc redshift 
sample and the model redshift distributions occurs when 
the arcs with redshift desert constraints are assumed 
to have true redshifts at or near their lower redshift 
bound; in this case our data have a ~ 74% chance of 
being drawn from the same probabilty distribution as 
the model corresponding to a limiting intrinsic source 
mangitude of gu m < 25 and a density profile with 
slope a = — 1.5. It is reasonable to expect our arcs 
in the redshift desert to be more likely to have true 
redshifts closer to the lower end of the allowable range 
because of the spectral features that fall into our ob- 
served wavelength range. For example, at 1.6 < z < 
2.3 we must rely on lines such as Mgll A2796, 2803A, 
and Fell A2344, 2372, 2384, 2586, 2600A, which tend 
to be relatively weak compared to bluer features, 
such as CIV A1448,155lA, Sill A1260, 1527A, and 
SilV A1394, 1403A. The combined primary + secondary 
strongly lensed source sample is never in good agreement 
with our model redshift distributions, which underscores 
the importance of using well-selected and spectroscopi- 
cally complete redshift samples to study giant arc red- 
shift distributions. 

It is possible that our giant arc redshift distribution 
could be biased high relative to the true redshift distri- 
bution of SGAS giant arcs due to a systematic selection 
effect. Targets were selected for Gemini spectroscopy 
with a preference toward systems with larger apparent 
arc radii, R a r C , which is measured as the average angular 
separation between an arc and the center of the clus- 
ter lens - typically coincident with the brightest cluster 
galaxy. A selection based on large R Qrc could bias our 
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TABLE 2 

Kolmogorov-Smirnov Probabilities for Models Redshift Distributions 



Redshift Desert a 



g<24 



g<25 



9 < 26 



Primary Giant Arc Sample 



monte carlo 


-1.7 




0.001 




0.046 


0.500 


monte carlo 


-1.5 




0.003 




0.165 


0.251 


monte carlo 


-1.3 




0.039 




0.096 


0.021 


minimum 


-1.7 




0.020 




0.457 


0.581 


minimum 


-1.5 




0.061 




0.738 


0.128 


1111111111L1111 


— 1.3 




0.404 




0.072 


0.002 


maximum 


-1.7 




8.34e-5 




0.010 


0.201 


maximum 


-1.5 




3.29e-4 




0.050 


0.251 


maximum 


-1.3 




0.008 




0.096 


0.021 






Primary 


+ Secondary Arc 


Samples 






monte carlo 


-1.7 




3.57e-4 




0.039 


0.014 


monte carlo 


-1.5 




0.001 




0.013 


0.0021 


monte carlo 


-1.3 




0.004 




4.53e-4 


1.58e-5 


minimum 


-1.7 




0.010 




0.094 


0.014 


minimum 


-1.5 




0.033 




0.013 


0.001 


minimum 


-1.3 




0.004 




1.48e-4 


9.22e-8 


maximum 


-1.7 




6.26e-6 




8.44e-4 


0.014 


maximum 


-1.5 




4.05e-5 




0.002 


0.002 


maximum 


-1.3 




2.95e-4 




4.53e-4 


1.71e-5 


a Wc handle arcs redshift desert c 
arc redshifts that lay within their r< 


:onstraints in three ways: 
Bspective upper and lower 


"Matte Car 
redshift bou 


Lo" - redshift desert ; 
nds; "minimum" - all 


redshift desert sourci 


redshifts drawn randomly from the sa: 
?s are assigned redshifts equal to their 1 


triple of giant 
ower redshift 



Slope of the density pi 



cdshift dc: 



cd redshifts equal to the 



giant arcs toward having higher redshifts than if we had 
selected targets completely at random. However, our 
spectroscopic target sele ction was not based purely on 
Rare: and as discussed in lBavliss et al.l (|201lD we expect 
that it does not have a strong impact on our results. 

4. SUMMARY AND CONCLUSIONS 

From the comparison of our redshift data against mod- 
els for possible background source distributions we con- 
clude that our data are consistent with a model that 
combines strong lensing cross-sections derived from sim- 
ulations, galaxy counts from COSMOS, and the approxi- 
mate brightness limit of our giant arc sample. Our high- 
est KS test probability of ~ 74% occurs when we assume 
that the redshift desert sources have redshifts equal to 
their lower redshift bound and use a model with a lim- 
iting source magnitude of gu m < 25 and a profile slope 
a = —1.5. Models with gu m < 26, and a = —1.7 also 
produce KS test probabilities of > 50% when we assign 
the redshift desert souces as having redshifts equal to 
their lower bound and also when we use Monte Carlo 
random sampling to assign redshifts to redshift desert 
sources. Our primary giant arcs have a median redshift 
of z = 1.821, and approximately 64% (18/28) of the 
primary giant arcs are located at z > 1.45, indicating 
that the background galaxies which are strongly lensed 
into bright giant arcs tend to reside at high redshift. 
This result is encouraging for future prospects to discover 
very large samples of bright, strongly lensed galaxies at 



high redshift that can be targeted for detailed individual 
study. 

The analysis presented here also represents an impor- 
tant step forward for studying the number and distri- 
bution of giant arcs produced by strong lensing clusters. 
Combinging our median giant redsh i ft of z s = 1.821 with 
the results fromlWambsgan ss et al.1 (120041, indicates that 
the "g iant arc problem" identified bv iBartelmann et al.1 
(1998) may be partially due to the authors' decision to 
make the simple assumption that all giant arcs are back- 
ground sources at z s = 1. However, we point out that 
simulations used to produce predictions for giant arc 
statistics have often used cosmological parameter values 
that are now disfavored, such as as > 0.9. Placing back- 
ground sources at higher redshifts increases the predicted 
giant arcs counts, but cosmologies with lower values of as 
should have significantly fewer extremely massive galaxy 
clusters and therefore significantly fewer giant arcs. The 
"giant arc problem" can be definitively resolved in the 
future by combining simulations that use current cos- 
mological parameters with the empirically constrained 
background source redshift distribution presented here. 

MBB acknowledges support from the Illinois Space 
Grant Consortium in the form of a graduate fellowship. 
JFH acknowledges support provided by the Alexander 
von Humboldt Foundation in the framework of the Sofja 
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